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Calculation of the Energy of Elastic
Deformation of Kevlar Backing Plates
for Ceramic Armours

R.G. O’'Donnell

MRL Technical Note
MRL-TN-596

Abstract

An equation is developed which enables the calculation of the elastic deformation energy
of a Kevlar plate used as a backing for ceramic armour, following projectile impact.
Knowledyge of the plate profile at maxinaon deflection is required.  Plate profiles were
obtained by photographically recording ballistic impacts. The enerqy of defornution of
the composite backiny represents 30 to 36% of the projectile’s intial kinetic energy as
calcudated tor tweo light weight ceranne arnours.
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Calculation of the Energy of Elastic
Deformation of Kevlar Backing Plates
for Ceramic Armours

1. Introduction

Light weight ceramic composite armours typically comprise a ceramic front
plate bonded to a ductile backing plate as shown in Figure 1. The purpose of
the ceramic is to erode and break up an impacting projectile while the role of
the backing plate is twofold: it adds stiffness to the ceramic to delay the onset
of tensile fracture in the ceramic, and undergoes deformation to absorb some of
the kinetic energy of the impacting projectile.  The emphasis on either of these
latter mechanisms will shift depending on the material chosen for the backing

plate.

PROJECTLE DIRECTION
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Figure 1:  Schematic representation of light weight ceramic armour.
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Earlier work [1] has identified the mechanisms of energy dissipation which
operate during ballistic impact on an aluminium backed ceramic armour. The
proportion of the projectile’s initial kinetic energy dissipated through cach of
the identified mechanisms, including bending and stretching of the aluminium
back-plate, was also determined [1]. The aim of the present work is to
determine the amount of energy which is dissipated through bending and
stretehing of Keviar plates when used to back ceramic armour. Kevlar was
chosen as it is often used in light weight armours because it combines light

weight with high stiffness and good ballistic resistance.

2. Experimental

Impact tests were conducted on ceramic armour targets comprising alumina
{975 ALLO3) front plates and Kevlar backing plates which in turn consisted of
a plain woven 223 ¢, m* Kevlar 49 fabric bonded with approximately 20”. by
weight of an ethvlene vinyl acetate thermoplastic copolymer. Table 1 hsts
details of target component thicknesses and areal densities. Conical nosed
0.3 calibre projectiles of hardened steel weighing 5.6 grams and launched with
the aid of a sabot at velocities up to 800 m/s from a 1/2 inch gas gun (designed
at the US Army Materials Technology Laboratory [2]) were used for these tests.
A computer controlled Cranz-Schardin spark camera with a maximum frame
speed of 10°/s was used to photographically record impact events.

Table 1: Thickiess wind areal densitios of coranie armour comporients

Alumina tront plate Keviar back plate Fotal Areal
larget . . I
e Thickness Arcal Depsity Mickness Areal Densiny ll\\ ”\”}
N ~ ¥ *)
tmmy) AN () thyy m=) fhm
2C 2 7y 27 RNy 1.
D 3 11.2 4.1 54 l6.6

3. Experimental Results

Several tests were conducted for each armour configuration in order to
determine the velocity at which the projectile was just able to penetrate cach
armour configuration.  Figures 2 and 3 are shadowgraphs of targets 2C and 3D
respectively during impact recorded with the Cranz-Schardin camera.  These
figures show a side view of the targets just prior to perforation at near limit
velocity (the velocity at which the projectile is just able to penetrate the
armour)  The contour of the rear surface of the backplate is evident in each
figure. The considerable streaking evident in these figures is caused by light
emitted from fragments as they are ejected from the impact site.
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Figure 2:  Shadowgraph showing a side view of target 2C just prior to perforation by a
projectile impacting from the left. The grid spacings are 17 square.

Figure 3:  Shadowgraph showing a side view of target 3D just prior to perforation by
a projectile tmpacting frone the left. The grid spacings are 17 square.
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The grid lines on Figures 2 and 3 have a one inch spacing and enable the rear
profiles of these two Kevlar backing plates to be compared in Figure 4.
Following impact the backing plates return almost to their original planar
geometry although considerable amounts of fibre shearing, tibre pullout and
delamination accompanies perforation [3].

e X
Bulge ™
Height L 30
{mm) ’,&-’ Equation (1) —x-”‘"'x

s =2

} ™
74 l,” * _,i"x
X x %X
0 v v v
L0 30 20 10 0 (mm)

Radial Displacement

Figure 4: Graplucal representation of the rear surtices of Hie keslar plistes shows m
Frgures 2 and 3. A “hest fit” of equation (1) to Hus data 15 also shoien.

The equation for the deflection, @, of an isotropic circular elastic membrane
Joaded at the centre and clamped at the edges is given by Timoshenko [4] as

p (o =r7) = 207 log (rfa (h

where p is the load at the centre, D is the flexural rigidity of the membrane, « is
the membrane radius and r is the radial coordinate varying from 0 at the
membrane centre to o at the membrane boundary.  The surface predicted by
equation (1) is plotted in Figure 4 and represents a good approximation to the
experimental deflections replotted from Figures 2 and 3. This, along with the
return to a planar geometry at large times, suggests that the Kevilar backing
plates behave in an approximately elastic manner during impact.

The velocity of the impacting projectile was determined by electronmically
recording the duration between interrupts of two laser beams directed across
the projectile path and having a known separation.  The kinetic energies of the
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respective projectiles just prior to impact was 0.9 k] for target 2C and 3.6 k} for
target 3D.

4. Theoretical Predictions

Here we will consider a circular elastic membrane loaded at the centre and
clamped at its edge.  The expression for the amount of energy required to
cause the deflections shown in Figure 4 will be developed.  Such an expression
can be determined from consideration of either the work done by the stresses
imposed on the plate or through the strain energy associated with the action of
the bending moments on the plate. Whilst the latter approach will be followed
here, the interested reader is referred to Appendix 1 where an identical
equation is derived from the former approach.

Figure 5a shows a cross-section in the 12 plane through a bent plate. If the
plate surface in the = direction is described by w(x, y) then the curvature of the
surface in the vz and yz planes can be represented by - 07w/ and - 832('/?)}/:
respectivelyv.  The work done by the uniformly distributed moments A, and
M., acting within the x2 and yz planes respectively on an element of the plate,
dxdydz (as shown in Fig. 5b), during bending is one half the product of the
moment and the angle through which the surface is deflected.  The angle of
deflection caused by the moment M dy is therefore

and the work done within this plate element s

_ Yol
dW - ——l M, h “‘ cdvdy
2 RAE
and sinvlarh
dW l ¥4 ‘ 31 1(1\'11,\
2 Ve
and for the off axis moments
¥
awoaw - L M“‘fé‘w dxdy
%Y LY : 0‘ J‘
so that
- iy P Fu
PR PV CAUNY VRS YV I gy (2
2 I " Ov- ax Ay
I .
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Figure 5 Sclienutic representation of () a cross-section o the vz plane Hirowgh a

bent plate and (b element. dxdydz, weithin an undetornied plate of Hichness I

Fhe moments M and M are goiven by summing over all of our imtinitesimal
clements fsee Fig Sbi the respective stresses times the area over wiich theyv act

multiphed by the moment armowith respect to the mid plane [5], e,

" .‘

M- [ o, 2dz

i

M. / v d: )

where o and 6 are the stresses in the v and v directions respectively and 1 s
the shear stress in the vy plane. For a homogencous orthotropic material in
plane stress Hooke's law predicts the tollowing stress strain relations

10




where

Q. - E /] -v‘) Vo)
Q =E /il - Vo)

N (Y
Ay LS TN Wy

%
Q= v E -y v )

Hoere £ and 70 are the elastic modulus i the v and v directions respectivedy,
Gy s the shear modulus in the vy plane and v and v are the Poissons ratios
in the same plane. '

From Figure 5a we sce that if point u, moves to location 1 during bending,
we have n = 1 - 2 (dw/dx) and since the strain in the x direction is given by

dudday we have

[GER1Y
4 -3
\
Jus
similarhy
. - - ow (3
Jv-
and
5 Y
' Juh

Substituting cquations (b and 15) mto the equations tor the bending momoents

(3) we et

n
-F a_»
kB M
T PN
il (l \\\\\\) a“

b . .

-hE 3 O n

LT T T TV, T
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similarly
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We can now substitute equations (6) into (2) and integrate to obtain an
expression for the total strain energy of bending.  For a wover ~omposite
material of several lavers we can assume a good degree of isotropy exists and
we can make the approximation £ = £ = E amj V=V F Vo Applving this
approximation and introducing D = Fim /(1 - vy as the fleural rigidity of the
membrane we have
g u ): ¥ ¥ 3 ¥ ):
, D ;i dwn dw dIw W
R IS L Y S gy )
R A I I xS Oy Jdx v
where we have utilized the relationship G = E / (2(1 - v)). For a membrane
that 1s clamped around its edge the second term in the square brackets in
equation ) vanishes and we are left with
N
D W IR
i [ - dvdh
. .
-y O (S))
or in polar coordinates [4]
2o ¥ . \" i
N " S N
W D | 1d rdrd0 (8)
~ ] 3,0 -y
- (L) B G ! s !
In the previous section we determined that the deflection of the Kevlar back
platv can be .1ppm\1m.nvd by equation (). From this cyuaten we see that
maximum plate detlection, o, occurs for r = 0 and we have
L
162D
Rewriting cquation (1} we have i
?
\‘U " i) R} ’
W — (o - ry - 460 in(r/a)
o
Differentiating and substituting into cquation (8) we get
t
el . S |
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{ W -

w2 T a8 ey | rdrdo
- l()

0

Completing the square and integrating by parts gives

) “On g . | . !
oo T Y g ,w throrjay - Ingrfa) Z) 830 Cf(iln(r/a) - l~) 2074 L
a* 2 2 2 2 -
5597 D]
i
(9)

5. Calculation of Energy of Deformation

The manimum deflection, @, for both targets 20 and 3D can be determined
trom Figure 4 and are approximately 5 mm and 8 mm respectively and the
radius of plate deformation, «, 30 mm and 40 mm respectively.

The flesural rigidity. Do is dependent on both plate modulus and thickness
and assuming Fy o= 30 GPaand v = 030 we have, for target 2C with

27 mm

and tor target 3D wath - 41 mm

The total energy o detormation is then wIven l\}' cquation (9) and is - 270}
for target 2C and W 129 K for target 3120 These values represent 307 and
36T respectively ot the inital kinetic energy of the impacting projectiles.

While these values also account for the potential energy in the backing they do
notinclude the energy dissipated through shearing, delamination, or other local
detormation mechanisms., Nevertheless, these values for the strain energy
compare well with the 20 to 50", calculated for the bending and stretching of an
Huminium back plate from previous work [1].

e e e

6. Conclusions

The total strain energy of the Kevlar backing plate for a light weight ceramic
armour detormed through ballistic impact can be approximated from
knowledge ot the profile of the backplate just prior to perforation and assuming ;




the elastic properties in the plane of the plate are approximately isotropic. The

amount of energy dissipated through elastic deformation of a Kevlar backing

plate when impacted at near limit velocity is 0.27 kJ and 1.29 k] for ceramic

armours comprising a 2 mm thick alumina front plate with 2.7 mm Kevlar back
plate and a 3 mm thick alumina front plate with 4.1 mm Kevlar back plate

respectively.
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Appendix 1

Work done in an elastic membrane by the stress components is given by

a Ty Ay

to | —

’ to,¢, - o,¢ + 1ty dV
]

where the integration is over the membrane volume V. From cequation (4) we

have
1 E ¢ v Fcc v Ecc E ¢ }
W= o e e e S - -G v, |dV
R ‘(l—\)\\\J (l-v, v, (L-v v ) (l=v v ) I

I 1 8'\\ - Pyl &‘ W N
2ol Voo o Sk O
o R O N AT . - Fw o
. Rt pe Fo|s- 36 (1 v v o2
: [ - \ n (SR SN 1 |
R ER Jv dady
Ifweassume £ = B = Fov=v, =v. and dV = dxdudz then
EoOSS T Sl e Yul 4G Yu |
” C (a3} w IS Y wo ) N Jw -
H - {[ f Vo=l {k-j‘- - ,(1,\.~)(7,‘,] odadvd:
AT N ST M Lo ‘ Qv E dady
/ . Rt . v N N N [~ n
Lh° : Rt Rt P w O ow|
o ' ERLE VIR I I‘ ST d
R A RA ah Gy vy

which s identical to equation (7) determined from the action of bending,

moments.
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List of Symbols Used

detlection of membrane surface

foad at membrane centre

radius of the deflected membrane

radial coordinate from membrane centre to o
flexural rigidity

bending moment

elastic modulus

shear modulus

Poissons ratio

principle stress acting within the membrane
shear stress acting within the membrane
principal stram imposed within the membrane
work done within the membrane

membrane thickness

membrane volume
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